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Here we demonstrate that photocurrent noise reduction below the standard quantum limit and
modal anticorrelation can arise in two mode coupled two-VECSEL system with common pump.
This effect occurs due to correlated loss of laser modes. It is possible to suppress noise below the
standard quantum limit even for Poissonian coherent pumping, whereas the regularity of the pump
can be harmful for non-classicality.
PACS numbers: 42.55.Px, 42.50.Ar
I. INTRODUCTION
Semiconductor lasers are by far the commonest lasers
that one finds around nowadays. However, despite being
such a common device, they are still actively researched,
modified and improved. They can be used for quantum
communication/informatics, in particular, for generating
non-classical states of radiation. Since the pioneering
prediction by Golubev and Sokolov [1] (and it was a
quickly confirmed prediction [2]), it is well known that
a semiconductor laser driven by a regular low-noise cur-
rent is able to produce photon-number squeezed states of
light. One should have equal amounts of emitters of the
active media pumped in equal intervals of time, so the
emitted photons tend to be antibunched.
Here we demonstrate that the photocurrent noise sup-
pression below the standard quantum limit (which is usu-
ally associated with photon-number squeezing) in semi-
conductor lasers (namely, in VECSEL lasers) can be
reached by an entirely different mechanism. Namely, it
can occur due to coupling of two modes to the same emit-
ter with quickly decaying populations and polarization
(which we shall term here as ”correlated loss”). And for
this kind of noise reduction to appear, the regularity of
the pump might be practically irrelevant.
It is well-known that coupling to the same emitter in-
duces correlations between field reservoirs [3]. Also, cor-
related losses are quite common in situations, where one
has two or more systems (in our case, field modes) cou-
pled to the third lossy system. Interference arising in this
case was shown to lead to entanglement between modes
even in absence of direct interaction between them [4, 5].
Correlated loss can lead to appearance of nonlinear cou-
pling between modes and even to nonlinear loss produc-
ing nearly ideal Fock states [6, 7]. Notice, that to have a
correlated loss with all consequent nonlinear effects aris-
ing, one generally needs to have an hierarchy of time-
scales present in the system. Dynamics of the modes
should occur on much slower time-scale than dynamics
of the dissipating systems coupled to these modes.
Here we demonstrate that in the system of two coupled
vertical external cavity surface emitting lasers (VEC-
SELs) with a common pump, a correlated loss can arise
and lead to appearance of photocurrent noise reduction
below the standard quantum limit (SQL). It occurs when
this systems acts as a class-A laser, and the population
inversion lifetime is much shorter, than the photon life-
times in both modes. Since lasing emitters of the active
media are coupled simultaneously to both modes, quick
decaying emitters disentangle from them giving rise to
effective non-linear coupling between modes (similarly
to as dispersive atom-field produces Kerr nonlinearity in
EIT media [9–11]). Excited emitters of the active media
emit either in one or other mode without possibility to
re-absorb emitted photon. Such an interference of emis-
sion channels gives rise to strong anti-correlation between
modes. It was already demonstrated that VECSELs can
be class-A lasers [12, 13]. Moreover, a scheme with cou-
pled VECSELs generating two output linearly polarized
modes of slightly different frequencies was recently re-
alized in experiment and demonstrated as class-A laser
[8]. This scheme we adopt as a basis for our theoretical
model. We predict that in the set-up similar to the one
used in Ref. [8], noise reduction below SQL might occur
for each individual mode. Also anticorrelation between
modes can arise even for the Poissonian pumping (for
example, with the active region excited by an external
laser beam). However, our results are not limited to this
particular scheme, and can be easily generalized to any
kin of lasing devices with correlated loss.
The outline of the paper is as follows. In the second
Section we introduce the model of two coupled VECSEL
systems, write down quantum Langevin equations for
them, discuss parameters of the scheme and describe how
the correlated loss and nonlinearities can arise with the
example of the simplified particular case of the scheme.
In the third Section we derive equations for collective
variables (polarizations and populations) and discuss a
way to describe pump statistics taking into account parti-
tion noise. In Section IV we consider quasiclassical equa-
tions and demonstrate, that equations for modal ampli-
tudes can be reduced to equations for A-class lasers. In
Section V we investigate statistics of small fluctuations
around stationary values of modal amplitudes, collective
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FIG. 1: (a) An illustration of the active media regions gen-
erating lasing modes. Emitters of the region 1 (denoted as
R1) interact only with modes denoted as ”a”, emitters of the
region 2 (denoted as R2) interact only with modes denoted
as ”b”; emitters of the region 3 (denoted as R3) interact with
both groups of modes. (b) A scheme of levels of the jth emit-
ter of region Rx.
populations and polarizations, and discuss the obtained
results.
II. THE MODEL OF TWO COUPLED VECSELS
Now let us consider a quantum model of two-frequency
VECSEL in the configuration described in the paper [8].
There two coupled VECSELs were created by using two-
modal external cavity with spatially separated modes.
Spatial separation of modes was achieved by introducing
a birefringent crystal inside the laser cavity. Modes over-
lap on the surface of the active media (which is rather
thin for VECSEL lasers), and the pumped region encom-
passes all the surface. A schematic arrangement of the
active media regions participating in the generation pro-
cess can be seen in Fig.1(a).
A. Basic equations
Considering our VECSEL model, we use already well
established four-level spin-flip model for the description
of emitters of the active media [14]. For the single-
frequency VECSEL the quantum theory was already
extensively developed and elaborated on the basis of
Langevin equation formalism [15, 16]. The model was
shown to give quite accurate description of VECSELs’
lasing and to represent adequately a complicated polar-
ization dynamics appearing in this kind of lasers. Each
individual emitter/charge carrier of the active semicon-
ductor in this model is described by a four-level system
(actually, two two-level subsystems coupled by spin-flip
interaction). Lower levels of this model correspond to the
unexcited states of the semiconductor medium, i.e. with-
out electron-hole pairs. Upper levels correspond to the
excited states with electron-hole pairs. Two two-level
subsystems are taken to represent states with different
(and opposite) angular momenta. We assume that each
two-level subsystem is coupled to the single circularly po-
larized mode with a direction of polarization correspond-
ing to the angular momentum of the state, i.e. if one of
the two-level subsystems is coupled to the right-polarized
mode, than the other subsystem is coupled to the left-
polarized one. The scheme of levels of the medium is
depicted in Fig.1(b).
Now we proceed writing down a system of quantum
Langevin equations for the interaction of the field with
individual emitters along the lines indicated in Ref.[15].
Let us introduce bosonic annihilation operators, aˆ±, bˆ±
corresponding to circularly polarized (in opposite direc-
tions for + and −) modes of groups ”a” and ”b”. Then,
for these modal operators we have the following system
of equations [15]:
daˆ±
dt
= −(κa + iωa)aˆ± − (κap + iωap)aˆ∓ −
iga
(∑
j∈R1
Θ(t− t(1)j )σ−j± +
∑
l∈R3
Θ(t− t(3)l )σ−l±
)
+ fˆa±,
dbˆ±
dt
= −(κb + iωb)bˆ± + (κbp + iωbp)bˆ∓ − (1)
igb
(∑
k∈R2
Θ(t− t(2)k )σ−k± +
∑
l∈R3
Θ(t− t(3)l )σ−l±
)
+ fˆb±,
where operators σ−j± denote transition operators from the
upper to lower level of the jth emitter for corresponding
circular polarizations. Using notations of the state vec-
tors corresponding to the emitter levels given in Fig.1,
one writes
σ−j± = |1±, Rx, j〉〈2±, Rx, j|, j ∈ Rx,
with σ+j± being its Hermitian conjugate. Quantities κa,b
are decay rates for modes a, b. We assume that the lin-
ear dichroism is present, so, modes of different linear po-
larization decay with different rates. This difference is
represented by parameters κap and κbp. Quantities ga,b
are the emitter-field interaction constants for correspond-
ing modes with frequencies ωa and ωb, respectively. Pa-
rameters ωap and ωbp represent coupling between modes
of different circular polarization appearing due to linear
birefringence.
For the model we adopt the simple injection-type
pumping: an excited emitter (electron in the active zone
and the hole in the valent zone) appears at a random
time-moment. Step-functions Θ(t − t(x)k ) are describing
3such a process of driving the active media. So, the func-
tion Θ(t− t(x)k ) describes switching on the interaction of
the field with the kth emitter of the xth region. Statistics
of time moments, t
(x)
k , defines the type of the pumping
(regular, Poissonian or else; for the details see Ref.[17]).
Operators fˆa,b± represent quantum Langevin forces in-
troduced into equations to account for quantum noises
(in particular, to preserve correct commutation relation
for modal operators). They are introduced in the stan-
dard manner (see, for example, a brilliant review by Luiz
Davidovich [18]). We shall specify their properties later.
Now let us proceed with equations for single-emitter
transition operators for different active regions depicted
in Fig.1 :
d
dt
σ−j± = −(γ⊥ + iw)σ−j± + fˆσj± +
igaΘ(t− t(1)j )(nˆ(2)j± − nˆ(1)j±)aˆ±, j ∈ R1,
d
dt
σ−j± = −(γ⊥ + iw)σ−j± + fˆσj± + (2)
igbΘ(t− t(2)j )(nˆ(2)j± − nˆ(1)j±)bˆ±, j ∈ R2
d
dt
σ−j± = −(γ⊥ + iw)σ−j± + fˆσj± +
iΘ(t− t(3)j )(nˆ(2)j± − nˆ(1)j±)(gaaˆ± + gbbˆ±), j ∈ R3.
Here the parameter γ⊥ is the dephasing rate of two-level
subsystems of the emitter; w is the transition frequency.
Operators nˆ
(y)
j± describe population of yth level of jth
emitter of the xth region:
nˆ
(2)
j± = |2±, Rx, j〉〈2±, Rx, j|,
nˆ
(1)
j± = |1±, Rx, j〉〈1±, Rx, j|,
where j ∈ Rx. Operators fˆσj± represent the correspond-
ing Langevin forces; these operators are independent. We
discuss them in the next Subsection.
Finally, let us write down equations for single-emitter
operators describing populations. For upper levels these
are
d
dt
nˆ
(2)
j± = −γ2nˆ(2)j± − γc(nˆ(2)j± − nˆ(2)j∓) +
igaΘ(t− t(1)j )(aˆ†±)σ−j± − h.c.) + fˆ (2)j± , j ∈ R1,
d
dt
nˆ
(2)
j± = −γ2nˆ(2)j± − γc(nˆ(2)j± − nˆ(2)j∓) + (3)
igbΘ(t− t(2)j )(bˆ†±)σ−j± − h.c.) + fˆ (2)j± , j ∈ R2,
d
dt
nˆ
(2)
j± = −γ2nˆ(2)j± − γc(nˆ(2)j± − nˆ(2)j∓) +
+iΘ(t− t(3)j )((gaaˆ†± + gbbˆ†±)σ−j± − h.c.) + fˆ (2)j± , j ∈ R3.
Here γ2 is the decay rate of the emitter’s upper lev-
els; γc is the rate of spin-flips between levels |2+, Rx, j〉
and |2−, Rx, j〉. Operators fˆ (2)j± represent corresponding
Langevin forces.
Equations for populations of lower levels are as follows:
d
dt
nˆ
(1)
j± = −γ1nˆ(1)j± + fˆ (1)j± −
igΘ(t− t(1)j )(aˆ†±σ−j± − h.c.), j ∈ R1,
d
dt
nˆ
(1)
j± = −γ1nˆ(1)j± + fˆ (1)j± − (4)
igΘ(t− t(2)j )(bˆ†±σ−j± − h.c.), j ∈ R2,
d
dt
nˆ
(1)
j± = −γ1nˆ(1)j± −+fˆ (1)j± −
igΘ(t− t(3)j )((aˆ†± + bˆ†±)σ−j± − h.c.), j ∈ R3.
Here γ1 is the decay rate of the emitter’s lower levels;
operators fˆ
(1)
j± represent corresponding Langevin forces.
Notice, that we are assuming no spin-flips between lower
levels of emitters. It is really unimportant for the con-
sidered scheme because the decay rate of lower levels, γ1,
is taken to be far exceeding that of upper levels, γ2.
B. Langevin forces
Here we describe Langevin forces in Eqs. (2,3,4,5).
First of all, they are δ-correlated, i.e. for any two forces
fˆx(t) and fˆy(τ) one has
〈fˆx(t)fˆy(τ)〉 = dxy(t)δ(t − τ),
where brackets 〈. . .〉 denote quantum averaging. So,
dxt(t) are c-number functions. However, they do gen-
erally depend on stochastic variables, namely, emitter
arrival times. First-order averages of Langevine forces
are zero: 〈fˆx(t)〉 = 0.
Then, we assume that Langevin forces for different
emitters of different regions are independent quantum
variables, so, for any two forces corresponding to vari-
ables of different emitters, fˆRj(t) and fˆRk(τ), j 6= k,
one has 〈fˆRj(t)fˆRk(τ)〉 = 0. Equally, quantum Langevin
forces for modes of a and b groups are independent.
Thus, we proceed to non-zero second-order correlation
functions along the lines given in Refs.[15, 18]. Assuming
that there is practically no thermal noise of field modes
at optical frequencies, one has
〈fˆx±(t)fˆ †x±(τ)〉 = 2κxδ(t− τ),
〈fˆx±(t)fˆ †x∓(τ)〉 = 2κxpδ(t− τ), (5)
where x = a, b.
The operators of Langevin forces for emitters’ popula-
tions are self-conjugated, so in all regions one has
〈fˆ (2)j± (t)fˆ (2)j± (τ)〉 = δ(t− τ)×[
γ2〈nˆ(2)j±)〉+ γc(〈nˆ(2)j±〉+ 〈nˆ(2)j∓〉)
]
,
〈fˆ (2)j± (t)fˆ (2)j∓ (τ)〉 = −δ(t− τ)× (6)
γc(〈nˆ(2)j±〉+ 〈nˆ(2)j∓〉),
〈fˆ (1)j± (t)fˆ (1)j± (τ)〉 = γ1〈nˆ(1)j±〉δ(t− τ).
4For transition operators one has in the same way
〈[
fˆσj±(t)
]†
fˆσj±(τ)
〉
= δ(t− τ)×[
(2γ⊥ − γ2 − γc)〈nˆ(2)j±〉+ γc〈nˆ(2)j∓〉
]
,〈
fˆσj±(t)
[
fˆσj±(τ)
]†〉
= δ(t− τ)× (7)
(2γ⊥ − γ1)〈nˆ(1)j±〉.
Finally, we write down cross-correlations of Langevin
forces for transition operators and populations:
〈fˆσj±(t)fˆ (2)j± (τ)〉 = (γ2 + γc)〈σj±〉δ(t− τ)
〈fˆσj±(t)fˆ (2)j∓ (τ)〉 = −γc〈σj±〉δ(t− τ), (8)〈[
fˆσj±(t)
]†
fˆ
(1)
j± (τ)
〉
= γ1〈σ†j±〉δ(t− τ),
also valid for all three regions.
C. Parameters of the scheme
We consider realistic values of parameters of the
scheme outlined above in this Section. They are close
to those of the experiment described in Ref. [8]. For
these values the scheme acts as a class-A laser. First
of all, we assume that the lower levels of emitters are
emptied very rapidly, i.e. γ1 is sufficiently large to ex-
clude adiabatically the lower level populations. Actually,
rapid decay of lower level populations is a condition of
this model applicability for semiconductor lasers; see, for
example, Ref.[19]. Then, we make a realistic assumption
about dephasing in the active media being very rapid,
so the decay rate, γ⊥, far exceeds the upper levels decay
rate, γ2. Finally, we make an assumption of the class-A
laser: we take upper level decay rate to be far exceed-
ing modal decay rates, κa,b and κap,bp. So, the following
hierarchy for the time-scales takes place in our model:
κa,b, κap,bp ≪ γ2 ≪ γ⊥, γ1. (9)
Also, we assume that the interaction constants ga,b are
small in comparison with the the upper levels decay rate,
γ2.
D. Toy model for correlated loss
Now let us demonstrate that satisfying the condition
(9), one can get a nonlinear coupling between modes.
For illustration we take the simplified model of just two
field modes of the same frequency coupled resonantly to a
single two-level system subjected to strong dephasing and
population loss. We describe this simplified model with
the following master equation for the density matrix, ρ,
written in the basis rotated with the emitters transition
frequency
d
dt
ρ = −ig[σ+(a+ b) + h.c., ρ] +
(γ⊥L(σz) + γ2L(σ−))ρ, (10)
where the dissipator L(x)ρ = 2xρx† − x†xρ− ρx†x.
The condition (9) allows one to eliminate adiabati-
cally off-diagonal matrix elements 〈k|ρ|l〉; where k, l =
1, 2; k 6= l, since they decay with a large rate dephas-
ing rate, γ⊥. For times much exceeding γ
−1
⊥ one can
write
〈k|ρ|l〉 ≈ −i g
2
γ⊥
〈k|nˆσzρ|l〉,
where nˆ = (a† + b†)(a+ b).
So, the master equation is reduced to one describing a
dispersive coupling of modes with a two-level system:
d
dt
ρ ≈ −2i g
2
γ⊥
[nˆσz , ρ] + γ2L(σ−)ρ (11)
Obviously, a coupling between modes has arisen as a
consequence of correlated loss. So, modes become corre-
lated even in the absence of direct coupling between them
as the result of strong decay of the emitters coupled to
the modes.
Moreover, under conditions leading to the dispersive
coupling similar to Eq.(11), Kerr nonlinearities can arise,
too [9–11]. Indeed, adiabatically eliminating emitter
variables from Eq. (10) while retaining terms up to g3/γ3⊥
and averaging over the state of emitter, it is not hard to
obtain for the reduced density matrix the following ex-
pression
d
dt
ρˆ ≈ −2i g
2
γ⊥
[nˆ, ρˆ]− 4i g
4
γ3⊥
[nˆ2, ρˆ]. (12)
Thus, one has both linear and cross-Kerr coupling be-
tween the modes. Provided that modal losses are suf-
ficiently low, self-Kerr and cross-Kerr nonlinearities ap-
pearing in Eq.(12) are known to be able to lead both
to photon number squeezing of individual modes and to
anticorrelations of modes [9–11, 20]. As it will be seen be-
low, it is just the case for our class-A coupled VECSELs
lasers.
III. COLLECTIVE EQUATIONS
The next step is to move from single-emitter equations
to equations for collective operators describing ensembles
of emitters in different regions of active media. Such col-
lective operators can be introduced in a standard manner
(see, for example, Refs.[15, 17, 18]). So, introducing for
clarity different notations for different regions, we obtain
5for polarizations
Pˆ± = −i
∑
j∈R1
Θ(t− t(1)j )σ−j±,
Qˆ± = −i
∑
j∈R2
Θ(t− t(2)j )σ−j±, (13)
Ξˆ± = −i
∑
j∈R3
Θ(t− t(3)j )σ−j±.
For collective population operators we have
Mˆy± =
∑
j∈R1
Θ(t− t(1)j )nˆ(y)j± ,
Nˆy± =
∑
j∈R2
Θ(t− t(2)j )nˆ(y)j± , (14)
Λˆy± =
∑
j∈R3
Θ(t− t(3)j )nˆ(y)j± .
where y = 1, 2 denotes the emitter level.
In this section we derive equations for collective vari-
ables (14,15), perform averaging over arrival times of
emitters via injection-like pumping and calculate quan-
tum Langevin forces corresponding to the introduced col-
lective operators.
A. Equations for collective variables
First of all, let us write equations for modal operators.
From the system (2) one has
daˆ±
dt
= −(κa + iωa)aˆ± + (κap + iωap)aˆ∓ +
ga(Pˆ± + Ξˆ±) + fˆa±,
dbˆ±
dt
= −(κb + iωb)bˆ± + (κbp + iωbp)bˆ∓ + (15)
gb(Qˆ± + Ξˆ±) + fˆb±,
As follows from Eqs.(3,14,15), equations for collective po-
larization operators are
d
dt
Pˆ± = −(γ⊥ + iw)Pˆ± +
ga(Mˆ2± − Mˆ1±)aˆ± + FˆP± ,
d
dt
Qˆ± = −(γ⊥ + iw)Qˆ± + (16)
gb(Nˆ2± − Nˆ1±)bˆ± + FˆQ± ,
d
dt
Ξˆ± = −(γ⊥ + iw)Ξˆ± +
(Λˆ2± − Λˆ1±)(gaaˆ± + gbbˆ±) + FˆΞ± .
Collective Langevin operators for these equations are
FˆP,Q,Ξ± =
∑
j∈R1,R2,R3
δ(t− t(1,2,3)j )σ−j± +
∑
j∈R1,R2,R3
Θ(t− t(1,2,3)j )fˆσj±. (17)
Correlation properties for these operators will be given
in the next Subsection.
Equations for collective populations are not so trivial
to derive as those given above. Eqs. (16,17) remain in-
variant after averaging over arrival times (of course, it
holds, if one assumes that operators in these equations
are not correlated through it; such an assumption is obvi-
ously valid near the stationary regime that we are mostly
interested in; see Ref.[17]). It is not so for equations de-
scribing collective populations, since the noise for popu-
lations is biased (has non-zero average) due to presence
of the pump. We assume that emitters arrive fully ex-
cited, and become with equal probability either + or −
excited subsystem of each VECSEL. Let us for the time
being denote these biases for the upper-level population
collective noises as Rx, x, denoting regions as in Fig.1.
As follows from Eqs.(4,14,15), equations for operators of
total upper-state populations are
d
dt
Mˆ2± = R1 − γ2Mˆ2± − γc(Mˆ2± − Mˆ2∓)−
ga(aˆ
†
±Pˆ± + Pˆ
†
±aˆ±) + Fˆ
M
2±,
d
dt
Nˆ2± = R2 − γ2Nˆ2± − γc(Nˆ2± − Nˆ2∓)− (18)
gb(bˆ
†
±Qˆ± + Qˆ
†
±bˆ±) + Fˆ
N
2±,
d
dt
Λˆ2± = R3 − γ2Λˆ2± − γc(Λˆ2± − Λˆ2∓)−
((gaaˆ
†
± + gbbˆ
†
±)Ξˆ± + Ξˆ
†
±(gaaˆ± + gbbˆ±)) + Fˆ
Λ
2±.
In the system (19) the collective Langevin operators are
FˆM,N,Λ2± =
∑
j∈R1,R2,R3
δ(t− t(1,2,3)j )nˆ(2)j± +
∑
j∈R1,R2,R3
Θ(t− t(1,2,3)j )fˆ (2)j± −R1,2,3. (19)
From the equation (19) it is clear that parameters R1,2,3
are average pump rates (i.e. emitter injection rates) of
emitters of the certain type (i.e. + or −) in corresponding
regions. Indeed, it is easy to see that with our way of
driving one has (see the derivation in Ref. [15])〈 ∑
j∈R1,R2,R3
δ(t− t(1,2,3)j )nˆ(2)j±
〉
s
= R1,2,3,
where 〈. . .〉s denoted averaging over the arrival times.
In our scheme of two-frequency VECSEL the pumping
source for all three regions is the same [8]. So, respec-
tive pump rates are not independent parameters. Since
we are assuming that density of emitters is the same in
all considered regions, the average pump rate for every
region is simply proportional to the size of this region.
Thus, we write
R3 =
√
ξa(R1 +R3) =
√
ξb(R2 +R3) (20)
where parameters ξa,b describe the respective sizes of the
regions of modal overlap, R3, relative to total sizes of
regions interacting with modes ”a” and ”b”.
6Finally, we write down equations for lower level col-
lective populations deriving them from Eqs.(5). Notice
that emitters are taken to be injected being completely
excited, i.e. they are on upper levels. Thus, we have
d
dt
Mˆ1± = −γ1Mˆ1± + FˆM1± +
ga(aˆ
†
±Pˆ± + Pˆ
†
±aˆ±),
d
dt
Nˆ1± = −γ1Nˆ1± + FˆN1± + (21)
gb(bˆ
†
±Qˆ± + Qˆ
†
±bˆ±),
d
dt
Λˆ± = −γ2Λˆ± + FˆΛ1± +
((gaaˆ
†
± + gbbˆ
†
±)Ξˆ± + Ξˆ
†
±(gaaˆ± + gbbˆ±)).
In this system the collective Langevin operators are
FˆM,N,Λ1± =
∑
j∈R1,R2,R3
δ(t− t(1,2,3)j )nˆ(1)j± +
∑
j∈R1,R2,R3
Θ(t− t(1,2,3)j )fˆ (1)j± . (22)
It should be pointed out that statistics of arriving
times, t1,2,3j is defined by the character of the driving
process and might influence states of the emitted modes.
This statistics affects correlation properties of Langevin
operators, which are to be discussed in the next Subsec-
tion.
B. Correlations functions for collective Langevin
operators
Notwithstanding the fact that collective variables are
composed only from emitter operators of the same re-
gion, operators of collective Langevin forces for different
regions are not independent and their cross-correlations
are not always zero. It occurs because of the presence of
the same driving source for all three regions. Naturally,
such a driving partition can give rise to cross-region cor-
relations. Here we consider them generalizing a simple
and illustrative procedure described in details in Ref.[17].
Using it, one obtains that〈 ∑
j∈Rx,k∈Ry
δ(t− t(x)j )δ(t− t(y)k )nˆ(2)j±nˆ(2)k±
〉
s
=
(Rx +R
2
x)δxy −
RxRy
R
p
2
, (23)
where the parameter p describes the regularity of the
pump and R = R1 + R2 + R3. The value p = 0 corre-
sponds to the Poissonian pump (for example, as it is for
pumping the active region with the external laser field
in Ref.[8]). The value p = 1 corresponds to the regular
pump when emitters arrive to the active region with a
constant rate. However, even in this case either ”+” or
”-” subsystems are excited with equal probability; that
is the reason of having p/2 instead of p in Eq.(23). Val-
ues 0 < p < 1 correspond to partially regular pumping.
One can see from Eq.(23) that for Poissonian pump noise
correlations between region do not arise, whereas for reg-
ular pumping one has cross-region correlations. As we
shall see below, such a partition noise negates a noise-
suppression effect of the regular pump. Photon num-
ber squeezing in our two coupled VECSELs scheme arise
solely due to effect of the correlated loss, i.e. due to in-
terference of emission channels.
Thus, from Eqs.(19) it is possible to get second-order
correlation functions of the collective Langevin forces for
collective upper-state populations. For non-zero correla-
tion functions of the same regions one has
〈
FˆY2±(t)Fˆ
Y
2±(τ)
〉
= δ(t− τ)Ry
(
1− Ry
R
p
2
)
+
δ(t− τ) (γ2Y2± + γc(Y2± + Y2∓)) ,〈
FˆY2±(t)Fˆ
Y
2∓(τ)
〉
= −δ(t− τ)R
2
y
R
p
2
− (24)
γcδ(t− τ) (Y2± + Y2∓) ,
where Y = M,N,Λ, and, simultaneously, y = 1, 2, 3. For
cross-correlation functions of different regions one has
〈
FˆX2±(t)Fˆ
Y
2±(τ)
〉
=
〈
FˆX2±(t)Fˆ
Y
2∓(τ)
〉
=
−δ(t− τ)
(
RxRy
R
p
2
)
, X 6= Y, x 6= y, (25)
where X,Y = M,N,Λ, and, simultaneously, x, y =
1, 2, 3. Variables without ”hats” denote averages of corre-
sponding quantum variables, i.e. 〈sˆ〉 = s, and averaging
is assumed to be done over the distribution of arrival
times, too.
Since the emitters arrive completely excited, non-
zero second-order correlation functions of the collective
Langevin forces for collective lower-state populations are
simpler than Eqs. (24,25):
〈
FˆY1±(t)Fˆ
Y
1±(τ)
〉
= δ(t− τ)γ1Y1±, (26)
where Y =M,N,Λ.
For auto-correlation functions of collective polariza-
tions one has 〈[
FˆY± (t)
]†
FˆY± (τ)
〉
= δ(t− τ)×
((2γ⊥ − γ2 − γc)Y2± + γcY2∓ +Ry) , (27)〈
FˆY± (t)
[
FˆY± (τ)
]†〉
= δ(t− τ)(2γ⊥ − γ1)Y1±,
where Y =M,N,Λ and, simultaneously, y = 1, 2, 3.
For non-zero cross-correlation functions of noises of col-
lective polarization and populations for the same region
7it follows from Eqs.(17,19,22) that
〈
FˆX± (t)Fˆ
Y
2±(τ)
〉
= δ(t− τ)(γ2 + γc)X±,〈
FˆX± (t)Fˆ
Y
2∓(τ)
〉
= −δ(t− τ)γcX±, (28)〈[
FˆX± (t)
]†
FˆY2∓(τ)
〉
= δ(t− τ)γ1X∗±.
where X = P,Q,Ξ and, simultaneously, Y = M,N,Λ.
Correlation functions derived in this Subsection will be
used for analyzing small fluctuations around stationary
solutions of Eqs. (16,17,19,22).
IV. QUASICLASSICAL EQUATIONS AND
STATIONARY SOLUTIONS
In this Section we analyze collective equations
(16,17,19,22) in the quasiclassical limit, when one ne-
glects quantum correlations between variables, i.e. as-
sumes that for any two variables 〈xy〉 ≈ 〈x〉〈y〉. We shall
consider the case where only two linearly and orthogo-
nally polarized modes persist in the whole system in the
stationary regime. Thus, we assume that for sufficiently
large evolution times, t→∞, only amplitudes
ax =
1√
2
(a+ + a−)
and
by =
i√
2
(b− − b+)
are non-zero. This regime was realized in the experi-
ment performed in Ref. [8]. It should be noticed that
reaching such a regime is not trivial, because VECSEL
modal dynamics can be quite involved. Generally, one
can have four elliptically polarized stationary modes in
the considered two coupled VECSEL system [16, 21, 22].
However, adjusting parameters of the scheme (in partic-
ular, linear dichroism and birefringence) one can obtain
the desired regime with just two orthogonally polarized
modes surviving.
We assume also that the frequency difference between
surviving modes, ∆ = ωa− ωb, is very small on the scale
set by other parameters of the problem. So, we shall take
that the stationary regime is reached for times much less
than ∆−1.
Now let us demonstrate that in the quasiclassical limit
and under the time-scale hierarchy conditions (9) collec-
tive equations (16,17,19,22) lead to standard quasiclas-
sical equations for modal intensities of the class-A laser.
To start with, let us re-write equations for upper-level
populations (19) in the quasiclassical approximation
d
dt
M2± = R1 − γ2M2± − γc(M2± −M2∓) +
ga(a
∗
±P± + P
∗
±a±),
d
dt
N2± = R2 − γ2N2± − γc(N2± −N2∓) + (29)
gb(b
∗
±Q± +Q
∗
±b±),
d
dt
Λ2± = R3 − γ2Λ2± − γc(Λ2± − Λ2∓)−
((gaa
∗
± + gbb
∗
±)Ξ± + Ξ
∗
±(gaa± + gbb±)).
Due to the very rapid spin flips (according to the con-
dition (9)) in the stationary regime one has Y2± ≈ Y2∓,
for Y = M,N,Λ. Also, if one is not far from thresh-
old and the modal amplitudes are small, it follows from
Eqs. (29) that in this regime the upper-level population
in each region is proportional to the pumping rate in this
region, i.e. Y2± ∝ Ry. Taking into account Eq.(20) and
the pump being common for all regions of the active me-
dia, one comes to the following conclusion:
Λ2± ≈
√
ξa(M2± + Λ2±) ≈
√
ξb(N2± + Λ2±). (30)
Now let us change the basis to the one rotating with
the modal frequency (as it was pointed above, we can
safely take equal modal frequencies), and introduce new
collective variables corresponding to regions coupled to
certain modes,
P± = P± + Ξ±, Q± = Q± + Ξ±,
Mx± =Mx± + Λx±, Nx± = Nx± + Λx±,
where x = 1, 2. Then, our quasiclassical equations for
modes are
da±
dt
= −κaa± + (κap + iωap)a∓ + gaP±,
db±
dt
= −κbb± + (κbp + iωbp)b∓ + gbQ±. (31)
For the collective polarization one has
d
dt
P± = −(γ⊥ + iν)P± +
(M2± −M1±)(gaa± + gb
√
ξab±),
d
dt
Q± = −(γ⊥ + iν)Q± + (32)
(N2± −N1±)(gbb± + ga
√
ξba±),
where ν = w − ωa.
Since the lower state population is decaying very fast
being on the shortest time-scale in the considered sys-
tem, near the stationary regime one has X2± ≫ X1±,
for X =M,N . Thus, the stationary values of collective
polarizations can be estimated from Eq.(32) as
P¯± ≈ M2±
γ⊥ + iν
(gaa± + gb
√
ξab±),
Q¯± ≈ N2±
γ⊥ + iν
(gbb± + ga
√
ξba±). (33)
8From these equations it follows that proportionality rela-
tions similar to (30) hold for polarizations too. It allows
one to re-write the system (29) as
d
dt
M2± = Ra − γ2M2± − γc(M2± −M2∓) +(
(gaa
∗
± + gb
√
ξab
∗
±)P± + c.c
)
,
d
dt
N2± = Rb − γ2N2± − γc(N2± −N2∓) + (34)(
(gbb
∗
± + ga
√
ξba
∗
±)Q± + c.c.)
)
,
where Ra = R1+R3, Rb = R2+R3. In the similar man-
ner one can write equations for lower-level populations,
too.
Let us eliminate adiabatically low-level populations
and polarizations, taking into account the hierarchy of
time-scales (9) and assuming that the system is not far
from the threshold. Then, from Eqs.(31,33,34) it is easy
to obtain the following equations for intensities of sur-
viving modes
dIa
dt
≈ −2(κa − κap)Ia + raIa
d+ ca(Ia + ζabIb)
,
dIb
dt
≈ −2(κb − κbp)Ib + rbIb
d+ cb(Ib + ζbaIa)
, (35)
where Ia = |ax|2, Ib = |by|2 and
d = γ2
(
1 +
ν2
γ2⊥
)
, rx =
2g2x
γ⊥
Rx,
cx =
g2x
γ⊥
, ζxy = ξx
g2y
g2x
,
where x, y = a, b and x 6= y. Equations (35) were de-
rived under the condition that modal amplitudes are suf-
ficiently small, so that
d≫ cx(Ix + ζxyIy), (36)
and quantities of the second and higher orders in cxIx
were neglected.
Equations (35) are equations for modal intensities of
class-A lasers [23]. They give the following stationary
solutions for modal intensities
I¯x =
[
g2x(1− ξaξb)
]−1 ×[
g2xRx
kx − kxp − ξy
g2yRy
ky − kyp − dγ⊥(1 − ξy)
]
. (37)
These stationary intensities are non-zero when pumping
rates exceed the threshold values
R¯x =
dγ⊥
g2x
(κx − κxp). (38)
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FIG. 2: (Color online) Spectra of the mode a photocurrent,
Caa(Ω), for values of system parameters given by Eq.(47).
(a) Spectra for different values of pumping rate. Thick
solid, dashed and dash-dotted lines correspond to Ra =
Rb = 1.001R¯a, 1.01R¯a, 1.011R¯a for the coherent pumping,
p = 0; dotted and thin solid lines correspond to Ra = Rb =
1.01R¯a, 1.011R¯a for the regular pumping, p = 1; the overlap is
ξa = ξb = 0.8. (b) Spectra for larger overlaps of VECSELs ac-
tive zones; solid, dashed, dash-dotted, dotted lines correspond
to ξa = ξb = 0.5, 0.6, 0.7, 0.8; the pumping is the coherent
one, p = 0; Ra = Rb = 1.01R¯a. (c) Spectra for smaller over-
laps of VECSELs active zones; solid, dashed, dash-dotted,
dotted lines correspond to ξa = ξb = 0.1, 0.2, 0.3, 0.4, other
parameters are as in the panel (b); the inset shows spec-
tra for small frequencies for the same parameters as in the
main panel. (d) Spectra for different values of the interaction
constant; dash-dotted, dashed and solid lines correspond to
g = 0.01κa, 0.05κa, 0.1κa; the pumping is the coherent one,
p = 0; the overlap is ξa = ξb = 0.8; Ra = Rb = 1.01R¯a .
For all figures birefringence and the detuning between modal
frequencies and the emitter transition frequency are taken to
be zero, ωap = ωbp = 0, ωa = w; Ω is given in units of κ.
Finally, let us write down the stationary values of
upper-state populations
M¯2± ≈ d
γ2
Ra
d+ ca(Ia + ζabIb)
,
N¯2± ≈ d
γ2
Rb
d+ cb(Ib + ζbaIa)
. (39)
It is to be noticed that the threshold values of pumping
rate given by Eq.(38) are rather large for the considered
system being outside the ”good cavity” limit (this limit
holds for |gx| > κx−κxp). These values are proportional
to γ2 and for a small detuning, |ν| ≪ γ⊥, they are also
proportional to γ⊥.
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FIG. 3: (Color online) Spectra of the mode b photocurrent,
Cbb(Ω), for values of system parameters given by Eq.(47).
(a) Spectra for different values of pumping rate. Solid,
dashed, dash-dotted and dotted lines correspond to Ra =
Rb = 1.001R¯a, 1.005R¯a , 1.01R¯a , 1.011R¯a ; the overlap is ξa =
ξb = 0.8, p = 0 (the parameters are as in Fig.2(a), coher-
ent pumping). (b) Spectra for larger overlaps of VECSELs
active zones; solid, dashed, dash-dotted, dotted lines corre-
spond to ξa = ξb = 0.5, 0.6, 0.7, 0.8; other parameters are as
in Fig.2(b). (c) Spectra for smaller overlaps of VECSELs ac-
tive zones; solid, dashed, dash-dotted, dotted lines correspond
to ξa = ξb = 0.1, 0.2, 0.3, 0.4, other parameters are as in the
panel (b). (d) Spectra for different values of the interaction
constant; dash-dotted, dashed and solid lines correspond to
g = 0.01κa, 0.05κa , 0.1κa; other parameters are as in Fig.2(d).
For all figures the pumping is the coherent one, p = 0.
V. SPECTRA OF THE QUANTUM
FLUCTUATIONS
So, let us assume that our system of two coupled VEC-
SELs is close to the stationary regime, and consider small
fluctuations of the output modes. To this end we assume
that each operator, xˆ, representing a variable of the sys-
tem can be written as
xˆ = x¯+ δx,
where x¯ denote the scalar stationary value and δx is the
operator describing quantum fluctuation and satisfying
the same commutation relation as the original operator
xˆ. We assume that 〈δx〉 = 0. Also, for simplicity sake
we shall assume that the stationary amplitudes of sur-
viving field modes are real in the basis rotating with the
frequency ωa (which can be safely assumed for such a
situation [15, 16])).
After linearizing equations (16,17,19,22) with respect
to quantum fluctuation operators (similarly to as it was
done, for example, in Refs. [15, 16]), and eliminating
adiabatically fluctuations of the lower level populations,
one obtains the following system
d
dt
−→
X = D
−→
X +
−→
Z , (40)
where elements of the vector
−→
X are quantum fluctuation
operators of system variables, and elements of the vector−→
Z are operators of corresponding Langevin forces (see
Appendix for the coefficients of these vectors and the
matrix D, which is a 26× 26 matrix).
Our aim is to investigate the spectrum of photocur-
rents produced by modes going out of our VECSEL sys-
tem (for example,in the scheme outlined in Ref.[8]). For
simplicity sake, let us assume that our photodetectors
are of unit efficiency, and losses of surviving modes are
caused solely by leaking through the partially transparent
mirror. So, the photocurrent is directly proportional to
the number of photons of the corresponding mode. Mea-
suring spectra of individual current fluctuation or cross-
correlation fluctuation spectra, we are getting quantities
proportional to the following ones
〈[δIx(Ω)δIy(Ω)]〉 =
+∞∫
−∞
dteiΩt〈δIx(0)δIy(t)〉, (41)
where 〈δIx(0)δIy(t)〉 is the correlation function of the
photocurrent fluctuation, x = a, b. Operators δIx =
Ix−〈Ix〉 describe fluctuations of the photocurrent of out-
put modes.
Implementing the standard input/output formalism
for expressing averages for modes outside the cavity
through averages of modes inside the cavity (see Refs.[24,
25]), one can obtain from Eq.(41) the following expres-
sions for the normalized photocurrent fluctuation spectra
Cxx(Ω) = 〈[δIx(Ω)δIx(Ω)]〉/〈Ix〉 =
1 + 4(κx − κxp)dxx(Ω), (42)
and for the normalized cross-correlation function of pho-
tocurrrent fluctuation of two output modes
Cab(Ω) = 4
√
(κa − κap)(κb − κbp)×
dab(Ω)√
Caa(Ω)Cbb(Ω)
, (43)
where quantities dxy are defined through second-order
correlation functions of modal operators as
〈dˆx(Ω)dˆy(Ω′)〉 = dxy(Ω)δ(Ω + Ω′), (44)
with operators
dˆa(Ω) =
1
2
(δa+(Ω) + δa−(Ω) + h.c.),
dˆb(Ω) =
1
2
(δb−(Ω)− δb+(Ω) + h.c.). (45)
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FIG. 4: (Color online) Cross-correlation function, Cab(Ω), for
values of system parameters close to ones given by Eq.(47).
(a) Cross-correlation function for different values of pump-
ing rate. Solid, dashed, dash-dotted and dotted lines cor-
respond to Ra = Rb = 1.001R¯a , 1.005R¯a , 1.01R¯a, 1.011R¯a ;
other parameters are as in Fig.3(a). (b) Cross-correlation
function for larger overlaps of VECSELs active zones; solid,
dashed, dash-dotted, dotted lines correspond to ξa = ξb =
0.5, 0.6, 0.7, 0.8; other parameters are as in Fig.3(b) (c) Cross-
correlation function for smaller overlaps of VECSELs active
zones; solid, dashed, dash-dotted, dotted lines correspond to
ξa = ξb = 0.1, 0.2, 0.3, 0.4, other parameters are as in the
panel (b). (d) Cross-correlation function for different values of
the interaction constant; solid, dashed and dash-dotted lines
correspond to g = 0.01κa , 0.05κa, 0.1κa ; other parameters are
as in Fig.2(d).
In Eq.(45) operators δx+(Ω) are elements of the Fourier-
transformed solution of the system (40):
−→
X (Ω) = [D− Ω]−1−→Z (Ω), (46)
where
−→
Z (Ω) =
+∞∫
−∞
dteiΩt
−→
Z (t).
For illustration of results described by Eqs. (42-46),
let us consider the simplest symmetrical situation, when
both coupling, overlaps and modal decay rates are equal:
ga = gb ≡ g, ξa = ξb ≡ ξ, κa = κb ≡ κ, κap = κap =
κp; and assume the following realistic hierarchy of time-
scales:
g = 0.1κ, κp = 0.5κ, γ2 = 10κ,
γc = 10
2κ, γ⊥ = 10
3κ. (47)
Results of numerical simulation with parameters close
to the ones given by Eq.(47) are given in Fig.2 for the
normalized spectrum of the mode a, in Fig.3 for the nor-
malized spectrum of the mode b, and in Fig.4 for the
cross-correlation function (43).
First of all, notice that spectra of photocurrent fluc-
tuations of output modes a and b are drastically differ-
ent (notwithstanding the fact that for the chosen sym-
metric case the stationary values of modal intensities are
the same). An explanation for this phenomenon can be
guessed even from the toy model described in Subsec-
tion II D: from Eq. (12) one can see that the symmetric
modal superposition is subjected to nonlinearity, whereas
the antisymmetric is not. So, for orthogonally polar-
ized modes one should expect different noises. Then,
it can be seen that spectral properties of fluctuations are
strongly dependent on the overlap between active regions
of VECSELs. It is possible to distinguish three differ-
ent regimes of fluctuations in dependence on the overlap:
the strong (approximately 0.5 ≤ ξ < 1), intermediate
(0.1 ≤ ξ ≤ 0.5) and weak (ξ ≤ 0.1) overlap.
Let us start with the discussion of noise features com-
mon for all three regimes. In Fig.2(a) it is shown how the
photocurrent noise of the output mode a for fixed overlap
is suppressed more with increase of the pumping rate.
Quite significant suppression of the photocurrent noise
can be reached (say, about 90%). However, with the used
values of parameters (chosen to make the system operat-
ing as a class-A laser) one quickly comes out of the region
of applicability of the approximation used to derive the
system (40). This feature was commented upon in the
previous Section. So, for the pumping rate exceeding the
threshold value (38) only by 1.5% the condition (36) is
already breaking down. It is remarkable that regularity
of the pump can even diminish noise reduction for the
case (which is also illustrated in Fig. 2(a)). The reason
for this is simple: the common pump for both coupled
VECSEL systems induces rather strong partition noise.
It obliterates the effect of regularity. Whereas for the co-
herent Poissonian pumping partition noise is not present.
Also, it is worth noting that the harmful influence of reg-
ularity is more pronounced with increase of the pumping
rate, since the terms describing the partition noise grow
linearly with the pumping rate (see Eq.(24).
The photocurrent fluctuation spectrum for the mode b
depends on the pumping rate in the same way as it is for
the mode a for the fixed value of the overlap (Fig.2(b)).
Another feature common for all three regimes is de-
pendence of the exhibited noise suppression on respective
modal losses. It should be stressed out that for any sig-
nificant suppression of the photocurrent noise to appear
one needs having rather good cavity for their VECSELs.
When one goes far away from this limit, noise reduction
degrades significantly (Fig.2(d) and Fig.3(d)). For the
coupling constant, g, just two orders of magnitude lower
than the modal loss rate, κ − κp, any noise suppression
is already absent. This result is rather expected, since
strong modal loss is bound to destroy quickly interference
effects leading to non-classicality (which is well-known
fact for those trying to produce non-classical states with
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Kerr-type nonlinearity [26, 27]).
Now let us discuss the dependence of photocurrent
noise spectra on the overlap between regions of the active
media. Fig.2(c) and Fig.3(c) show that the mechanism
of photocurrent noise suppression for the case is indeed
the correlated loss. In the regime of weak overlap (taking
place approximately for ξ ≤ 0.1) for both output modes
suppression is absent. In this regime the system behaves
as two nearly uncoupled VECSELs with coherent pump-
ing and exhibits weak bunched noise diminishing with
increase of the frequency (which is typical for the in-
dividual single-mode class-A VECSELs considered here
[12, 13]).
In the regime of the strong overlap (approximately
0.5 ≤ ξ < 1), the output mode a shows much larger noise
suppression than the mode b (which is a manifestation of
noise dependence on the modal polarization mentioned
earlier). When the overlap becomes smaller, noise for
the mode a and b behaves in the opposite way. Noise
decreases for the mode a and increases for the mode b
(see Fig.2(b) and Fig.3(b)). An increase of noise sup-
pression for the mode b continues well into the interme-
diate regime, 0.1 ≤ ξ ≤ 0.5, reaching the maximum when
approximately half of the active media regions overlap.
Whereas in this regime noise reduction for the mode a is
rather weak.
Since our non-classical noise suppression effect is pro-
duced by the interference of the emission channels of
emitters arriving to the active media, i.e. by coupling of
modes to the same emitters subjected to strong losses,
it is naturally to expect a strong intermodal correla-
tion arising as the result of this process (as it is pointed
out by the simple model considered in Subsection IID,
where it is demonstrated how the coupling between the
modes arises for this case). Due to different behavior
of the photocurrent fluctuation spectra for modes a and
b one expects having rather non-trivial cross-correlation
spectrum (43). Having nearly Poissonian noise of the
mode b and strongly suppressed photocurrent noise of
the mode a in the larger overlap regime, it is quite intu-
itive to see anticorrelations between modes in this regime
(Fig.4(a,b)). Also, it is not surprising to have these an-
ticorrelations diminishing with decrease of the pumping
rate or emitter-field interaction constants for the fixed
overlap (see Fig.4(a) and (d)).
However, notice that the maximum anticorrelation for
the large overlap is reached for small frequency regions
where the photocurrent fluctuations spectra for both
modes are actually super-Poissonian (Fig.4(a)). This is
also a manifestation of the correlated loss as an interfer-
ence of the emission channels for emitters arriving to the
active medium. An individual emitter emits a photon
either to one mode or another, and due to a large popu-
lation and polarization losses the probability to have the
photon re-absorbed by the emitter is very low. This pro-
cess might not prevent noises of individual modes from
exhibiting bunching, but it induces anticorrelations be-
tween modes.
Maximal anticorrelation is reached in the intermediate
regime where the photocurrent spectrum of the mode b
exhibit maximal noise reduction. With further decrease
of the overlap anticorrelations are eventually washed out
tending to small positive correlations in the small over-
lap regime (Fig.4(c)). Notice that maximal increase of
the anticorrelations has obviously resonant character de-
pending strongly on the overlap and the frequency; the
maximum anticorrelation is reached for the overlap cor-
responding approximately to all three regions Rj being
equally sized (see Fig.1).
It should be noticed that correlations between modes
are even more sensitive to modal losses than non-
classicality of individual modes (see Fig.4(d)). As it
should be expected, modal losses into independent addi-
tional dissipative reservoir are prone to obliterate quickly
the effect of the correlated loss (i.e. coupling to the same
reservoir) [6]. One should really be not far from the
good cavity limit to have significant correlations between
modes in two coupled VECSELs considered here.
VI. CONCLUSIONS
In this work we have demonstrated that the system of
two coupled VECSELs can indeed be a class-A laser, if it
is sufficiently close to the threshold. We have developed a
simple model based on the quantum Langevin equations
that leads to the semiclassical equations for the intensi-
ties of two surviving orthogonally linearly polarized out-
put modes similar to the equations describing the class-A
laser. We have demonstrated that both suppression of
photocurrent fluctuation noise below the standard quan-
tum limit and strongly negative cross-correlation (anti-
correlation) are possible in the system. It is remarkable
that the mechanism of noise suppression arising in this
case is quite different from the already well-known mech-
anism of inducing noise suppression through the regular
pumping. In our case non-classicality arises through cor-
related loss, i.e. due to simultaneous coupling of both
modes to the same emitter and quick decay of popula-
tions and polarization of this emitter. It is demonstrated
by disappearance of non-classicality for small overlap be-
tween active regions of VECSELs, when the dynamics of
each VESCEL is essentially as for an individual indepen-
dent laser. For both strong and moderate overlap it is
possible to reach quite strong suppression of photocur-
rent fluctuations (5-10 dB) and large anti-correlations.
Notice, that regularity of the pumping does not enhance
non-classicality available with coherent pumping. Actu-
ally, as a consequence of partition noise arising due to the
pump being common for both VECSELs, regularity of
the pumping can actually be harmful for non-classicality.
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Appendix A: Linearized equations for quantum
fluctuations
Here we write down vectors of variables and non-
homogeneous part of the linearized system (40):
−→
X =


δa+
δa−
δb+
δb−
δa†+
δa†−
δb†+
δb†−
δP+
δP−
δQ+
δQ−
δΞ+
δΞ−
δP †+
δP †−
δQ†+
δQ†−
δΞ†+
δΞ†−
δM2+
δM2−
δN2+
δN2−
δΛ2+
δΛ2−


,
−→
Z =


fa+
fa−
fb+
fb−
f †a+
f †a−
f †b+
f †b−
FP+
FP−
FQ+
FQ−
FΞ+
FΞ−
[FP+ ]
†
[FP− ]
†
[FQ+ ]
†
[FQ− ]
†
[FΞ+ ]
†
[FΞ− ]
†
FM2+
FM2−
FN2+
FN2−
FΛ2+
FΛ2−


. (A1)
The 26× 26 matrix D can be represented in the block
form as
D =

DAA DAP DANDPA DPP DPN
DNA DNP DNN

 . (A2)
Non-zero elements of 8× 8 matrix DAA are
DAA(j, j) = −κa for 1 ≤ j ≤ 4,
DAA(1, 2) = DAA(5, 6)
∗ = κap + iωap,
DAA(j, j) = −κb for 5 ≤ j ≤ 8,
DAA(3, 4) = DAA(7, 8)
∗ = κbp + iωbp,
and DAA(j, k) = DAA(k, j). The elements 8 × 6 matrix
DAN are zeros. Non-zero elements of the 8 × 12 matrix
DAP are
DAP (j, j) = DAP (j, j + 5) = ga, j = 1, 2, 5, 6
DAP (j, j) = DAP (j, j + 2) = gb, j = 3, 4, 7, 8.
Non-zero elements of the 12× 8 matrix DPA are
DPA(j, j) = DPA(j + 6, j + 4) = gaM¯2±, j = 1, 2;
DPA(j, j) = DPA(j + 6, j + 4) = gbN¯2±, j = 3, 4;
DPA(j + 4, j) = DPA(j + 10, j + 4) = gaΛ¯2±, j = 1, 2;
DPA(j + 2, j) = DPA(j + 8, j + 3) = gbΛ¯2±, j = 3, 4;
where the stationary values of upper-level populations
are given by Eq.(39). Non-zero elements of the 12 × 12
matrix DPP are diagonal: DPP (j, j) = [DPP (j + 4, j +
4)]∗ = −γ⊥ − iν for 1 ≤ j ≤ 4. Non-zero elements of the
12× 6 matrix DPN are
DPN (1, 1) = [DPN (7, 1)]
∗ = gaa¯+,
DPN (2, 2) = [DPN (8, 2)]
∗ = gaa¯−,
DPN (3, 3) = [DPN (9, 3)]
∗ = gbb¯+,
DPN (4, 4) = [DPN (10, 4)]
∗ = gbb¯−,
DPN (5, 5) = [DPN (11, 5)]
∗ = gaa¯+ + gbb¯+,
DPN (6, 6) = [DPN (12, 6)]
∗ = gaa¯− + gbb¯−,
where stationary modal amplitudes are taken to be real
and positive (as it was pointed out in Section V), and
given by Eq.(37).
Non-zero elements of the 6× 8 matrix DNA are
[DNA(1, 1)]
∗ = DNA(1, 5) = gaP¯+,
[DNA(2, 2)]
∗ = DNA(2, 6) = gaP¯−,
[DNA(3, 3)]
∗ = DNA(3, 7) = gbQ¯+,
[DNA(4, 4)]
∗ = DNA(4, 8) = gbQ¯−,
[DNA(5, 1)]
∗ = DNA(5, 5) = gaΞ¯+,
[DNA(6, 3)]
∗ = DNA(6, 7) = gaΞ¯−,
[DNA(5, 2)]
∗ = DNA(5, 6) = gbΞ¯+,
[DNA(6, 4)]
∗ = DNA(6, 8) = gbΞ¯−,
where stationary polarizations are given by Eqs.(33).
Non-zero elements of the 6× 12 matrix DNP are
[DNP (1, 1)]
∗ = DNP (1, 7) = gaa¯+,
[DNP (2, 2)]
∗ = DNP (2, 8) = gaa¯−,
[DNP (3, 3)]
∗ = DNP (3, 9) = gbb¯+
[DNP (4, 4)]
∗ = DNP (4, 10) = gbb¯−,
[DNP (5, 5)]
∗ = DNP (5, 11) = gaa¯+ + gbb¯+,
[DNP (6, 6)]
∗ = DNP (6, 12) = gaa¯− + gbb¯−.
Finally, non-zero elements of the 6×6 matrix DNN are
DNN(j, j) = −γ2−γc for j = 1, 2 . . .6; DNN (j, j+1) = γc
for j = 1, 3, 5; also DNN (j, k) = DNN(k, j) for all j, k.
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